use, the effect of in vitro cell passaging on therapeutic effects needs be evaluated given that passaging is required to expand NCSCs to meet the demands of transplantation in preclinical research and clinical trials. To date, no study has investigated the quality of NCSCs past the 5th passage in vivo. In this study, we employed a multimodal evaluation system to investigate changes in outcomes between transplantation with 5th (p5) and 6th passage (p6) NCSCs in a 15 mm rat sciatic nerve injury and repair model. Using CatWalk gait analysis, gastrocnemius muscle index, electrophysiology, immunohistochemistry, and histomorphometric analysis, we showed that p6 NCSCs demonstrated decreased cell survival, Schwann-cell differentiation, axonal growth, and functional outcomes compared to p5 NCSCs (all p < 0.05). In conclusion, p6 NCSCs showed significantly reduced therapeutic efficacy compared to p5 NCSCs for peripheral nerve regeneration.
Introduction
Peripheral nerve injury is a major burden for society, affecting more than 360,000 patients in the US alone and costing more than $150 billion annually [1] [2] [3] . Clinicians currently rely on autologous nerve graft techniques to treat patients, however, poor clinical outcomes and limitations of donor tissue make this treatment less than ideal and far from satisfactory [2, 4] . Regeneration of peripheral nerves after injury is a complicated process which is widely known to involve Schwann cells. However, cell-based therapies using Schwann cells transplantation are not practical due to many factors such as long culturing time, limited number of cells, Abstract Peripheral nerve injury is a major burden to societies worldwide, however, current therapy options (e.g. autologous nerve grafts) are unable to produce satisfactory outcomes. Many studies have shown that stem cell transplantation holds great potential for peripheral nerve repair, and human neural crest stem cells (hNCSCs), which give rise to a variety of tissues in the peripheral nervous system, are particularly promising. NCSCs are one of the best candidates for clinical translation, however, to ensure the viability and quality of NCSCs for research and clinical invasive harvesting techniques, and donor site morbidity [5] . Stem cell transplantation features various benefits to peripheral nerve regeneration, and has the unique potential to overcome the limitations of directly using Schwann cells by differentiating into Schwann-like cells that are also able to exert regeneration-promoting effects in vivo. Many basic, pre-clinical, and clinical studies have investigated the possible use of stem cell transplantation for treating peripheral nerve injuries [6] [7] [8] , and human neural crest stem cells (NCSCs) show particular promise [9, 10] . NCSCs, pluripotent stem cells that can give rise to peripheral nervous tissue in humans, have been shown to boost the rate of axon survivability and enhance recovery by differentiating into Schwann-like cells, facilitating the myelination of axons, exerting neuroprotective effects, and guiding the regrowth of damaged axons [10, 11] . While NCSCs are generally thought to give rise to the peripheral nervous system tissue, they have also been shown to be able to differentiate into oligodendrite-lineage cells in the central nervous system facilitating regeneration of neurons following brain and spinal cord injuries [12] . These exciting features make NCSC transplantation a particularly promising therapy for peripheral nerve injury and possibly many other pathologies of the nervous system.
In order to fully understand the benefits and limitations of NCSC for nerve regeneration, the effect of cell passaging must be investigated. While using low-passage cell cultures for therapy is always preferred, passaging is an inevitable process required to expand the number of cells to sufficient amounts, especially for pre-clinical research and clinical trials [13, 14] . Cell passaging is known to affect the efficacy of stem cells, and studies have shown that the quality of other stem cells such as mesenchymal stem cells (MSCs) and adipose stem cells (ASCs) decline with passage number, each with different patterns and rate of change [15] [16] [17] [18] . Thus, knowledge of how many passages a particular strain of stem cells can tolerate before losing therapeutic effects is paramount for managing the trade-off between cell quality and quantity. Previous studies have shown varying results regarding the effect of passaging on NCSCs, suggesting that the effectiveness of NCSCs decline significantly after anywhere from 3 to 25 passages [19] [20] [21] . Embryonic Stem Cell (ESC) derived NCSCs feature particularly great advantages for peripheral nerve regeneration especially since ESCs can serve as an unlimited NCSC source [11, 20, 22] , however, only one study to date has reported the effect of passaging on these NCSCs, identifying the 5th passage as the largest efficacious passage number in vitro [22] . The effect of passaging on ESC-derived NCSCs have not been investigated in vivo or past the 5th passage.
In this study, we evaluated whether there is a significant change in efficacy of ESC-derived NCSC transplantation in vivo following peripheral nerve injury past the 5th passage to investigate whether these cells remain efficacious for functional recovery and nerve regeneration. We employed a multimodal assessment system including histomorphometric, immunohistochemistry, electrophysiology, and behavioral analysis to investigate the impact of NCSC passage number on recovery in a 15 mm rat sciatic nerve injury and repair model.
Materials and Methods

Animals, Cells, and Surgical Procedure
All animals were maintained according to NIH guidelines, and experimental protocols were approved by the IACUC of the University of Maryland School of Medicine. Every attempt was made to minimize the total number of animals used and their discomfort and pain. Eighteen athymic nude rats (Charles River, Wilmington, MA) were used in this study, and were individually housed in controlled temperature, humidity, and light:dark cycles, and all animals had free access to food and water. Human NCSCs (hNCSCs) were derived from human embryonic stem cells (ESCs, H9 line from WiCell, Madison, WI), and provided by Lee group from Johns Hopkins University as previously reported [23] . hNCSCs were cultured on Matrigel-coated TCPS for 10 days in neural crest induction medium containing: 50% NSC medium (Neurobasal medium supplemented with NEAA, Glutamax, B27 and 20 ng/ml FGF2), 50% PA6 conditioned medium, 10 μM Rock inhibitor, and 200 μM ascorbic acid. Culture medium was changed every 2 days. For this study, we used 5th and 6th passage NCSCs (p5 and p6, respectively), and cells were passaged using Accutase (Sigma, St Louis, MO).
Our injury and repair model for rat sciatic nerves has been described in our previous studies [6, 8] . In brief, animals (200-250 g) are anesthetized with isoflurane, and a 15 mm segment of the sciatic nerve was removed and repaired with one of three nerve guide conduits [24] filled with: (A) PBS (control), (B) 5th passage hNCSC, and (C) 6th passage hNCSC (6 rats each). For conduits containing hNCSCs, we injected 2 × 10 6 hNCSCs medium loaded hydrogel (1:1 mixture of growth medium and Collagen I Rat Tail (Life Technologies, NY)) into the conduits. One hour of electrical stimulation (3 V, 100 μsec and 20 Hz pulse) was applied after nerve repair and NCSC transplantation to improve nerve regeneration as previously reported [25] . Twelve weeks after surgery, rats were euthanized, and nerve and muscle tissue were harvested for evaluation.
CatWalk Gait Analysis
Our previous studies [6, 26] have described our methods for using CatWalk (Noldus Information Technology, The Netherlands). Briefly, 1 week prior to surgery, animals were trained until they were able to make 5 consecutive uninterrupted runs on the CatWalk runway. Prior to euthanization at 12 weeks, the MCMI (max contact mean intensity) and Duty Cycle metrics were recorded. MCMI measures the mean intensity of a paw print at the point where the maximum contact area is detected. Duty Cycle measures the percentage of time a limb is bearing weight during a walk cycle. All recordings were repeated 5 times for each animal both prior to surgery and prior to euthanization. Data are then blindly assessed by trained technicians.
Electrophysiology
Electrophysiological recordings were conducted for all animals at baseline and immediately prior to euthanization 12 weeks after surgery with a Tucker-Davis Technologies system (TDT, Alachua, FL) via a preamplifier. The ground electrode was placed in the tail of the subject. The stimulating needle electrode was placed in the sciatic nerve proximal to the repair. Stimulation were delivered (with 500 μA or 1 mA, 100 μs pulse duration, and stimulation frequency of 0.5 Hz), and compound motor action potentials (CMAP) and motor evoked potentials (MEP) were recorded using a recording electrode in the sciatic nerve distal to the repair and a recording electrode in the tibialis anterior muscle, respectively. Each stimulation and recording lasted 1 min and were repeated four times, with 2-min relaxation periods between each recording. Recordings were done on both the injured and uninjured leg for each animal and the distance between the stimulating electrode and the CMAP recording electrode was kept at 15 mm. Peak-to-peak amplitude and latency were then analyzed offline. Peaks were detected with a threshold, which was set to be two to three times the standard deviation above the mean of the signal based on the signal-to noise ratio [27] , and peaks below that threshold were considered noise.
Immunohistochemistry
Cross-sections of mid-parts of nerve conduits were retrieved for immunostaining. Regenerated nerves within the conduits were washed (with PBS), blocked for 1 h in 5% normal goat serum in 0.2% Triton-X-PBS, and immunostained using Chicken BIII-Tubulin (1:1000, Millipore), rabbit anti-S100 antibody (1:400, Dako), mouse anti-Human NCAM (1:100, Santa Cruz Biotechnology) or mouse anti-Human Nuclei (HuNu, 1:200, EMD Millipore) to detect axons, SCs, and human NCSCs. Then, Alexa 488-conjugated goat anti-Chicken, Alexa 647-conjugated donkey anti-Rabbit, and Alexa 594-conjugated goat anti-Mouse antibodies were used for visualization. Primary antibodies were incubated at 4 °C overnight and secondary antibodies were incubated at room temperature for 1 h. Stained slides were mounted in Prolong Gold with DAPI (Invitrogen, Carlsbad, CA), and imaged by inverted fluorescent microscope (Nikon Ti-E, Nikon, Kobe, Japan). The number of HuNu positive cells and the proportion of HuNu/S-100 double labeled cells to HuNu positive cells per slide were analyzed by ImageJ software (National Institutes of Health, Bethesda, MD) [28] . Six animals per group (30 μm thickness, 6-8 sections per animal) were included in this analysis.
Histomorphometric Analysis
Nerve conduits were cross-sectioned at 8-10 mm from the proximal end, and processed for toluidine blue staining. Specimen sections were fixed in 4 wt % paraformaldehyde solution overnight, followed by 2 h of post-fixation with 2% of osmium tetroxide and dehydration prior to mounting in embedding resin. 0.5 μm thick specimens were sectioned on an Ultracut E microtome for semithin sections and stained with 1% toluidine blue for light microscopy (Nikon Ti-E inverted microscope, Nikon, Kobe, Japan). Images of the whole nerve cross sections were acquired at 10×. Sets of images representing at least 30% of the nerve cross-sectional area were chosen by systematic random sampling and were acquired at 60×. Myelinated axon density and diameter per section as well as percentage of area occupied by axon fibers were then blindly and quantitatively assessed by ImageJ.
Wet Weight of Gastrocnemius Muscle and H&E Muscle Staining
Gastrocnemius muscles of both injured and uninjured sides were retrieved and weighed using an electronic scale (Mettler AE 160, USA). The Gastrocnemius Muscle Index (GMI) was blindly calculated as the ratio of the muscle weight between the affected and unaffected sides to evaluate muscle atrophy caused by nerve injury [29] . Muscles were then cross-sectioned into 10 µm specimens in a cryostat microtome at − 20 °C and mounted on glass slides. These specimens were then stained with hemotoxylin-eosin (H&E) using standard protocols to demonstrate muscle fiber morphology and grossly evaluate the effect of denervation and recovery on muscle tissue for the experimental groups.
Statistical Analysis
Data were expressed as the mean ± standard error of the mean (SEM). Statistical significance was evaluated using univariate ANOVAs followed by post hoc paired comparisons using the Least-Significant Difference (LSD) or Student-Newman-Keuls tests when appropriate. Values of P < 0.05 were considered significant. All statistical tests were carried out with statistical software SPSS 20.0 (IBM/ SPSS Inc., Chicago, IL, USA).
Results
Gait Analysis Showed that p5 hNCSCs Led to Significantly More Recovery Compared to p6 hNCSCs
Representative footprints records (Fig. 1a) showed that in the conduit only group, uncoordinated forepaw and hindpaw placement occurred, and that the footprints of the forepaw and hindpaw were frequently mismatched, resulting in an increase in their relative position. The p6 hNCSC group showed slight improvements in rhythmicity, and the group with p5 NCSC showed significant improvements, with more coordinated forepaw and hindpaw footprints. At 12 weeks, MCMI was significantly greater in the p5 group (119.68 ± 6.68) compared to the p6 (70.37 ± 5.86, p < 0.001) and control (72.29 ± 3.67, p < 0.001) groups (Fig. 1b) . There was no significant difference between the p6 group and the control group (p > 0.05). The duty cycle metric for p5 group (80.61 ± 3.08%) was significantly greater than the control group (72.38 ± 2.92%, p = 0.046). While Duty Cycle for the p5 group was also larger than that of the p6 group (78.74 ± 1.89%), the difference was not statistically significant (p > 0.05). Duty cycle was not significantly different between the p6 group and the control group (p > 0.05) (Fig. 1c) . These results indicate that p5 hNCSCs led to superior functional outcomes compared to p6 hNCSC and conduit only groups.
Electrophysiological and GMI Assessments Showed Decreased Efficacy of p6 NCSCs Compared to p5 NCSCs
Electrophysiology studies (Fig. 2a) revealed that the p5 group had a larger number of rats with discernable CMAP signals (3 of 6) than the control (0 of 6) and p6 NCSC (0 of 6) groups. A similar trend was seen with MEP signals, where the p5 group showed a larger number of rats with discernable signals (3 of 6) than the control (0 of 6) and p6 NCSC (0 of 6) groups. Amplitude and latency data were not evaluated due to the small number of rats showing signals.
Twelve weeks after injury and repair, GMI was significantly greater in the p5 group (0.29 ± 0.06%) compared to the p6 (0.11 ± 0.02%, p = 0.003) and control (0.16 ± 0.01%, p = 0.024) groups (Fig. 2b) . There was no significant difference between the p6 group and the control group (p > 0.05). H&E staining also revealed that gastrocnemius muscle underwent obviously less fatty infiltration and sarcomere degeneration in both hNCSC transplanted groups than the conduit only group (Fig. 2c) , with the p5 group showing significantly Fig. 1 healthier muscle fibers showing uniform polygonal morphology than the p6 group. These results suggest that p5 NCSCs led to superior nerve conductivity and reduced muscle atrophy compared to p6 NCSCs.
Immunohistochemistry Reveals Better Cell Survival and Differentiation for p5 hNCSCs Compared to p6 hNCSCs
Immunohistochemistry analysis reveals that p5 hNCSCs had superior survivability and differentiation Fig. 2 a Representative electrophysiology data for both compound motor action potential (CMAP) and motor evoked potential (MEP). b Results for Gastrocnemius Muscle Index (GMI), which show that p5 is superior to both p6 and control. c Results for H&E staining of gastrocnemius muscle cross sections. Quantitative data presented as Mean ± SEM. Significance: *p < 0.05, **p < 0.01. Scale bar: 10 μm Fig. 3 Immunohistochemistry of regenerated nerves stained with S-100 (Schwann Cell Marker), hNCAM (human cell marker), and Tubulin (axon marker) showed that the p5 group clearly displayed stronger and more diffuse signals than the p6 group and control group. Scale bar: 100 μm in vivo compared to p6 hNCSCs. Tissue sections were co-stained with S-100 (a Schwann cell marker), human NCAM (a human cell line marker), and tubulin (an axon marker), and more proliferation of cells in the p5 group was observed compared to the p6 group. The conduit only group showed close to no fluorescent signals, indicating that nerve regeneration did not occur to any significant extent. The p5 group showed signals for all three stains, indicating that regeneration has taken place. While the p6 group also showed fluorescent signals for the three antibodies, signals were significantly weaker and sparser when compared with the p5 group (Fig. 3) .
Quantified co-staining tissue sections of HuNu and S100 showed that the survivability of p5 hNCSCs were superior to p6 hNCSCs with a significantly higher HuNu + cell count in the p5 group (60.20 ± 5.19) compared to the p6 group (16.30 ± 1.13, p < 0.001). To evaluate the extent of Schwann cell differentiation of NCSCs, we evaluated the percentage of HuNu + cells that were co-localized with S-100 stains. Here, p5 NCSCs (63.75 ± 4.76%) were superior compared to p6 NCSCs (28.07 ± 2.99%, p < 0.001) (Fig. 4) . These results indicate that p5 hNCSCs feature superior cell survivability and Schwann-cell differentiating capacity compared to p6 hNCSCs.
Histomorphometric Analysis Indicates that p5 hNCSCs Lead to More Regeneration of Myelinated Axons Comped to p6 hNCSCs
As shown in Fig. 5a , in the p5 group, a significant number of axons stained with toluidine blue were clearly visible under light microscopy. While the p6 hNCSC group also showed some axons, they were much less in number, less diffuse, and more localized in batches compared to the p5 group. The control group also showed a sparse number of axons, again indicating unsuccessful regeneration.
Quantitative results (Fig. 5b) showed that the p5 NCSC group had significantly higher cell counts (414.21 ± 21.05) than the control (10.81 ± 0.96, p < 0.001) and p6 NCSC (281.13 ± 12.28, p < 0.001) groups. The count for p6 NCSC group was significantly greater than the control group (p < 0.001). Axon diameter (Fig. 5c) , however, showed a different pattern, with the control group showing the highest figures (5.40 ± 0.32 µm), which were significantly larger than the p6 hNCSC group (4.47 ± 0.16 µm, p = 0.002). The p5 hNCSC group (5.12 ± 0.08 µm) also showed significantly greater diameter than the p6 hNCSC group (p = 0.022). When evaluating the percentage of the cross-sectional area covered by myelinated axons (Fig. 5d) , the p5 hNCSC group (14.88 ± 0.94%) showed significantly higher percentage than the control (3.60 ± 0.47%, p < 0.001) and the p6 hNCSC (7.63 ± 0.53%, p < 0.001) groups. This percentage was also significantly greater for the p6 hNCSC group compared to the control group (p = 0.001) (Fig. 5) . These results indicate that while the p6 NCSCs improved axon regeneration, its effects are significantly inferior to that of p5 NCSCs.
Discussion
In this study, we used a multimodal assessment system including immunohistochemistry analysis, histomorphometric analysis, electrophysiological study, gastrocnemius muscle index, and CatWalk gait analysis, and we found that the in vivo efficacy of 6th passage hNCSC transplantation for peripheral nerve injury is significantly decreased compared to 5th passage hNCSC transplantation. In vitro passaging is a necessary step to expand NCSCs to meet the needs of research and clinical use in the future, and understanding the effect of cell passaging on NCSCs in vivo is crucial. While most prior studies were based on in vitro evaluation only, our validations of long-term contribution, differentiation, and functionality past the 5th passage in an in vivo animal model are of paramount importance to adequately demonstrate the utility of NCSCs in regenerative medicine.
Cell passaging is known to induce modifications on stem cell properties, and in many cases contributes to a decline in efficacy for therapy. It has been widely reported that stem cells senesce and lose proliferation and differential potential with increasing number of passages [30] . Studies involving other stem cells, such as MSCs, ASCs, and BMSCs have demonstrated varying results regarding the time course and extent of deterioration of effectiveness with increasing in vitro passage number [15] [16] [17] . For NCSCs, research has shown that the NCSC population can be clonally amplified and maintained for over 25 passages while retaining the capacity to differentiate into peripheral neurons, smooth muscle cells, and mesenchymal precursor cells [19] . However, Cranial NCSCs derived from human embryonic stem cells exhibited a very limited selfrenewal capacity and spontaneous differentiation occurred at the third passage [21] . For ESC-derived NCSCs, which are particularly advantageous since ESCs can serve as an unlimited source of NCSCs, Liu et al. have demonstrated in vitro that NCSCs remain efficacious throughout the first five passages, however, the effectiveness of NCSCs past the 5th passage is unknown [20] . Here, we compared the effectiveness of 5th and 6th passage hNCSCs in a translational model of nerve injury and repair.
Compared to 5th passage NCSCs, 6th passage NCSCs showed significantly less HuNu-positive cells 12 weeks after injury and repair. Since the transplanted stem cells are the only human-derived cells that were introduced to animals, this result demonstrates that 6th passage hNCSCs were less able to survive and proliferate in vivo compared to 5th passage hNCSCs. Furthermore, the percentage of HuNu-positive cells also showing S-100 (Schwann-cell marker) signals in the nerve section transplanted with 6th passage NCSCs is significantly lower than that in the nerve section transplanted with the 5th passage NCSCs, which demonstrates that 6th passage NCSCs were less able to differentiate into the intended Schwann-cell phenotype. Schwann cells are among the most studied cell types in the nervous system, and is known to play a critical role in peripheral nerve regeneration. The main rationale behind using stem cells for peripheral nerve regeneration is that stem cells have the potential to differentiate into Schwannlike cells and exert similar regeneration-promoting effects as Schwann cells. Thus, the ability of hNCSCs to differentiate into Schwann cells in vitro is likely a major determinant of efficacy, and the reduced ability of 6th passage hNCSCs to survive and differentiate into Schwann cells may be a major factor contributing to the reduction of hNCSCs' expected positive influence on nerve regeneration and functional recovery.
Although histomorphometric analysis demonstrated that axon regeneration did take place with 6th passage hNCSC transplantation, and immunohistochemistry analysis revealed that some transplanted cells were able to survive and differentiate, functional outcomes from CatWalk gait analysis and gastrocnemius muscle index showed that 6th passage hNCSC transplantation produced outcomes that were not significantly different from experimental control (empty conduit). These results suggest that while 6th passage hNCSCs may be able to survive and differentiate in vivo to a certain extent, leading to the regeneration of some myelinated axons, they were unable to exert sufficient influence on nerve regeneration to elicit improvements in functional recovery or reverse muscle atrophy due to denervation. This may be due to the number of survived stem cells and the number of differentiated stem cells not meeting the level necessary for therapeutic effect. Another possibility is that 6th passage hNCSCs may have been less effective in treatment due to changes in its ability to produce growth factors that have been shown to contribute to the positive influence on nerve regeneration in previous studies [31] [32] [33] . While the mechanism by which hNCSCs lose their efficacy with increasing passage number is largely unknown, studies on MSCs have shown that the growth rate, differentiation ability, and growth factors secretion are progressively decreased with additional passages, possibly due to senescence, spontaneous differentiation, or loss of differentiation potential [34] [35] [36] . Further investigation into the detailed mechanism underlying the deterioration of hNCSCs across cell passages is crucial for a comprehensive understanding of hNCSCs, and will be greatly valuable to pre-clinical research, clinical trials, and therapeutic use.
In conclusion, we investigated the viability and efficacy of 6th passage human hNCSC cells for transplantation following peripheral nerve injury, and found that compared to 5th passage hNCSCs, 6th passage hNCSCs displayed significantly inferior outcomes in terms of cell survival, Schwann-cell differentiation, axon regeneration, and functional recovery. Furthermore, 6th passage hNCSC transplantation did not result in significant improvement over untreated injury in terms of functional recovery and reversal of muscle atrophy due to denervation. Understanding the effect of cell passaging on NCSCs is crucial for preclinical research, clinical trials, and future therapeutic use, and the detailed mechanism by which hNCSCs' beneficial effects deteriorate over time, including the pattern and regulation of growth factors in P5 and P6 NCSCs, awaits further investigation.
